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Abstract: 1 1) Micro-population processes, such as gene flow, operating within geographic regions 2 are often poorly understood despite their potential to impact stock structure and 3 sustainability. This is especially true for highly mobile species, such as elasmobranchs, 4
where the potential for spatial overlap of regional populations is increased due to 5 higher movement capabilities. A lack of information on these processes means 6 management plans rarely consider spatio-temporal structure. 7 2) Spurdog (Squalus acanthias) are globally distributed throughout temperate regions 8 yet there is an apparent lack of gene flow between ocean basins. In the North-east 9
Atlantic, there is little work on gene flow within the region which is currently managed 10 as a single stock that is estimated to be at 19% compared to 1905. Some evidence from 11 this region suggests population processes which have the potential to cause 12 structuring. 13
3) Population structure of NE Atlantic spurdog was investigated using an 828-bp 14 fragment of the mitochondrial DNA control region and seven focal polymorphic 15 microsatellite markers. Samples from 295 individuals from eight locations throughout 16 UK waters were used in this study. 17 4) Overall, mitochondrial sequences suggested some regional differentiation. Genetic 18 diversity was comparable with that reported in previous studies of spurdog. Haplotype 19 diversity (0.782 -1) is amongst the highest observed for an elasmobranch. 20 Microsatellite markers suggested a high level of relatedness was responsible for 21 regional population structuring. There was no apparent spatial structure after removal 22 of 'full sibling' relationships. 23 throughout their range (Palumbi, 2003) . Due to the need to define stocks for 4 management purposes, various threshold levels of gene flow have been proposed to 49 define a population and/or a management unit (Reiss, Hoarau, Dickey-Collas, & Wolff, 50 2009), one of which has been to identify separate stocks if a significant and 51 reproducible genetic differentiation can be detected (Reiss et al., 2009 ). In some cases, 52 this significant differentiation may be very small and the results of combined genetic 53 and tagging studies suggest that in teleost fish, small FST values of 0.0037 can 54 represent effective regional isolation with a dispersal rate of less than 1% (Knutsen et 55 al., 2011) . 56 Such considerations may be especially important in interpreting genetic 57 differentiation in elasmobranchs that, due to slow rates of evolution (Martin et al., 58 1992) , can have even lower genetic variability than widespread teleost fish (Heist & 59 Gold, 1999) . Genetic differentiation in elasmobranch species appears to be highly 60 correlated with dispersal ability (Veríssimo, McDowell, & Graves, 2010) with some 61 cosmopolitan species displaying very little global genetic differentiation (Schmidt et 62 al., 2009 ). This may suggest that genetic investigations into regional stocks would 63 yield little in the way of spatial resolution. There are however certain behaviours that 64 have been documented in elasmobranch populations which may promote genetic 65 differentiation, even in wide-ranging species. 66
Population segregation based on age or sex, as is common in many elasmobranch Pratt & Carrier, 2001) . Hence, there is 74 the potential to create genetically distinct sympatric populations, highlighting a 75 difference between spatially and genetically distinct stocks. Anthropogenic 76 exploitation also has the potential to impact the genetic composition of a species 77 within a region; a significant population decline caused by overexploitation can cause 78 range contraction and population fragmentation (Kenchington, 2003) , which may 79 encourage the formation of small, isolated sub-populations. 80
Spurdog (Squalus acanthias) are generally considered to be highly mobile (Gauld and 81 Macdonald, 1982; Templeman, 1976; Templeman, 1984) and are distributed 82 worldwide throughout temperate continental shelf seas (Camhi, Valenti, Fordham, 83 Fowler, & Gibson, 2009). No regional genetic differentiation has been found to date 84 (Hauser, Franks, Vega, & Gallucci, 2007 ) and it appears that oceanic water depths do 85 not act as a migratory barrier for this species as no differentiation has been found 86 between the southern Atlantic and Pacific, nor between the eastern and western North 87
Atlantic; a concept supported by tagging evidence indicating transoceanic movements 88 (Holden, 1967; Templeman, 1976) . However, taking into account that just one 89 breeding migrant per generation may be enough to prevent, or greatly reduce, genetic 90 differentiation between typically discrete geographic populations (Slatkin, 1987; 91 Spieth, 1974) , this is perhaps not surprising. Gene flow does, however, appear to be 92 restricted across equatorial waters (Hauser et al., 2007) . This barrier to gene flow has 93 caused divergence to the point whereby the North-eastern Pacific spurdog has been 94 re-classified as S. suckleyi (Ebert et al., 2010) . Squalus suckleyi has markedly different 95 population dynamics to S. acanthias, with a later age of maturity, larger maximum 96 size and larger length at maturity (Hauser et al., 2007; Ketchen, 1972; Saunders & 97 McFarlane, 1993) . 98
In contradiction to the genetic data, there is evidence suggesting more limited regional 99 movements in some populations. Based on mark and recapture tagging, some spurdog 100 appear to maintain a certain level of site association, often within coastal areas, where 101 data demonstrating wide-ranging movements throughout this region (Gauld & 110 Macdonald, 1982; Templeman, 1976 , Templeman, 1984 Vince, 1991 (Hetherington, 121 Nicholson, & O'Brien, 2016). These schemes aim to actively avoid spurdog 122 aggregations and reduce spurdog by-catch and discards, reducing overall fishing 123 mortality using information supplied by the fishing industry in real time. However, 124 management also needs to be on a wider scale for which it is essential we understand 125 the full range of movements and connectivity in the species. Beyond this, it is vital to 126 understand the impact of commercial fisheries on elasmobranch populations as, 127 beyond direct population reduction, fisheries exploitation can have significant direct 128 and indirect effects on communities (Jennings & Kaiser, 1998) by targeting specific 129 age and sex classes. In elasmobranchs, these processes can lead to changes in the age 130 structure and size of individuals within a population (Hutchings, 2005; Stevens, for mtDNA sequences (number of haplotypes (H), haplotype (h) and nucleotide (n) 190 diversity) were calculated in DNASP version 5 (Librado & Rozas, 2009). Regional 191 genetic differentiation was estimated in ARLEQUIN version 3.5.1.2 (Excoffier & 192 Lischer, 2010) using genetic-distance based pairwise ΦST, with 10,000 permutations 193 to estimate significance and the Kimura 2P model as selected by JModeltest (Darriba, 194 (Fu 199 1996) ), implemented in ARLEQUIN with p-values generated from 10,000 200 simulations. Significant negative Tajima D or Fu's F values are indicative of recent 201 population expansion. A mismatch analysis was also undertaken in ARLEQUIN to 202 explore further demographic history; a smooth, unimodal peaked distribution with a 203 skew towards zero is suggestive of a historical population expansion event 204 (Harpending, 1994; Rogers & Harpending, 1992 ) while a ragged, erratic distribution 205 is suggestive of population stability (Harpending, 1994; Rogers & Harpending, 1992) . 206
Microsatellite data analysis 207
The total number of alleles, observed heterozygosity (Ho), expected heterozygosity 208 run and were re-sequenced. Error rate was found to be <5% based on re-sequencing. 256
Haplotype diversities ranged from 0.782 (Wales) to 1.00 (North Scotland) (Table 1) . 257
Nucleotide diversities ranged from 0.0015 (Wales) to 0.0035 (Rockall) ( North Sea population were out of HWE (Table 2; full population summaries per locus  268 in Supplementary Table 1; ). All loci were in linkage equilibrium. 269
Population differentiation 270

Spatial structure 271
Of the 49 haplotypes identified the mtDNA haplotype network showed that six 272 common haplotypes are shared between most regions, indicating little evidence of 273 population structure around the UK as haplotypes did not appear to group by sample 274 location. A minor exception to this is Jura, which is not represented on several of the 275 multi-haplotype branches (Figure. (Table 3) . After more 282 stringent Bonferroni sequential correction, however, only Jura and Rockall (ΦST 283 0.2681) remained significantly differentiated (Table 3) . 284
Including all individuals, microsatellite evidence suggested there was some genetic 285 differentiation, with significant pairwise FST between Wales and Jura (FST 0.0305) 286 following FDR correction. After Bonferroni correction, FST remained significant 287 between Wales and the Celtic Sea (FST 0.029), Loch Etive (FST 0.038), Loch Sunart 288 (FST 0.041) and the southern North Sea (FST 0.034) (Table 3) . Factorial 289 correspondence analysis shows that while the population mean of Wales is discrete 290 from those of other populations there is some overlap of individuals ( Figure 3 ). After 291 removing full sibling (FS) relatives (as identified by MLrelate) from each sampling site 292 no significant genetic differentiation between regional populations was apparent (FST 293 range -0.01867 -0.01113) (Table 3) . Results from STRUCTURE both with and without 294 priors showed no regional differences, with K= 1 for both and no discernible pattern 295 in either case (data not shown). 296
Temporal structure 297
No temporal variation was observed in samples from Loch Etive or Loch Sunart, 298 however, it should be noted that samples from these regions comprised largely 299 individuals taken opportunistically from angling trips where typically low numbers of 300 fish are taken at a single spatiotemporal sampling point. Samples taken from 301 commercial fishing vessels in the Celtic Sea at four separate time points 2010, 2010a, 302 2011, 2011a (Table 4 ) showed significant (p<0.05) differentiation after FS had been 303 removed between 2010 and 2010a (FST 0.028) following FDR, and between 2010a and 304 2011 (FST 0.037), following Bonferroni correction (Table 5 ). Factorial correspondence 305 analysis showed discrete population means, but admixture of individuals is evident 306 ( Figure. 4 ). There was no significant variation in the number of FS relationships 307 between samples from each sampling occasion (Table 4 ). The ratio of full sibling 308 relationships was higher in the temporally split Celtic Sea groups (Table 4 ) than it was 309 for the Celtic Sea as a whole (Table 2) . Sex ratios varied between the four commercial 310 fishing trips. In 2010a, only one male was caught out of 18 spurdog; in 2010 and 2011, 311 numbers of males and females were approximately equal; while in 2011a, there were 312 twice as many females caught as males (Table 4) . 313
Relatedness 314
All regions had a similar proportion of FS relationships (relatedness values >0.5) 315 between sampling sites (range 0.028 (N. Sco) -0.034 (Rockall)) ( Table 2) . Samples from Wales had a considerably higher number of intra-region FS relationships (0.368) 317 compared to other sampling sites which had similar, low levels of FS relationships 318 (mean = 0.033, range 0.000 (N.Sco) -0.0071 (Rockall)) ( Table 2) . Further 319 investigation into relatedness using GenAlEx showed samples from Wales to have a 320 significantly higher mean relatedness (r = 1.12, p<0.05) than expected (Figure. 5). No 321 other populations had significantly high or low levels of relatedness. All spurdog 322 caught in Wales were adult females, TL 94 -111 cm. 323
Sex biased dispersal 324
There was limited evidence of male dispersal when comparing of male and female 325 microsatellite data, which showed that males had lower FIS and FST values, a lower 326 level of relatedness, lower mAIC and higher vAIC values. However, only vAIC showed 327 a significant difference (Table 6) . 328
Demographic history 329
All sites except Rockall displayed significant negative Fu's FS values (Table 1) is possible that following population reduction, individuals from these different zones 365 have come together. These would, potentially, bring unique haplotypes with them and 366 produce the high haplotype diversity observed. However regional genetic distinction 367
was not observed in this study so cannot support this theory. Increased diversity may 368 also come from the NW Atlantic. No genetic differentiation has been found between 369 these two regions (Veríssimo et al., 2010), yet as only one migrant per generation can 370 prevent populations becoming genetically differentiated (Slatkin, 1987; Spieth, 1974) between the groups samples in the Celtic Sea do suggest that they may be formed from 452 interannual cohorts, which may be causative of the differentiation between groups 453
observed. 454
It is worth noting that the markers used in this study are unlikely to be powerful 455 enough to definitively detect siblings, whilst the lack of a common haplotype amongst 456 samples identified as FS negates them all being full siblings. However, the above 457 average level of relatedness does suggest some level of genetic relationship. 458
Suggested drivers for segregation in elasmobranch populations refer to differences 459 between either the sexes (Economakis & Lobel, 1998; Hanchet, 1991; Klimley, 1987) What is unclear is if this spatial homogeneity is caused by complete admixture within 479 the spurdog population, or sub-groups of the population moving throughout the 480 entirety of the species NE Atlantic range and a factor of the sampling regime. A lack of 481 temporal sampling, while the only option available over most of the area covered in 482 this study, may have led to a perception of homogeneity, as temporal genetic variation 483 can promote spatial homogeneity across sampling sites (Hedgecock, 1994) . 484
Consequently a comprehensive understanding of spatial differentiation is contingent 485 upon a more extensive and intensive sampling regime with synoptic sampling 486 throughout the region may produce more spatial heterogeneity to clarify this. A wider 487 sampling area may also help investigations into Biogeographic regionality. 488 unimodal mismatch distribution (Harpending, 1994; Rogers & Harpending, 1992) . 498
Such population formation may have occurred during rapid recolonization of the NE 499
Atlantic shelf during the current interglacial period. Interestingly, the weak genetic 500 differentiation observed between Rockall and other areas, coupled with a non-501 significant FS value tentatively suggest that there may have been a historically stable 502 offshore population of spurdog (or again, one buffered by the NW Atlantic). However, 503 the small samples size from Rockall does prevent any firm conclusions being drawn. 504
The geographic location of Rockall and the small irregularities observed in the genetic 505 data from this study suggest it is an area worthy of further investigation. 506 507
Conclusions 508
We suggest there is genetic mixing of spurdog in UK waters, supporting the notion 509 that, for management purposes, spurdog should be treated as a single large stock unit. 510
However, we suggest this assumption is treated with some caution as, while 511 unambiguous spatial evidence to the contrary is unavailable, there are indications of 512 population processes at a temporal and regional level that cause some smaller 513 genetically distinct groups. This suggests local management may be additionally 514 beneficial to the population rather than a single blanket management strategy. Local 515 spatial management at apparent key habitats could contribute towards the 516 conservation of the species as it would eliminate any bycatch of the species in that area. 517
It may also be important for contributing to the conservation of the species on a much 518 wider spatial scale as it appears some locations would offer protection to a 519 considerable proportion of the apparent NE Atlantic spurdog genetic resource. On a 520 more local scale, spatial closures could provide an opportunity to conserve all age 521 multiple synoptic temporal points to clarify regional temporal genetic variation of 531 spurdog and the occurrence of groups of high relatedness. Identifying the times of 532 greatest stock integrity. 533
Our findings have implications for all elasmobranch fisheries, as the presence of 534 related groups and temporal variability in spurdog may be indicative of population 535 processes creating sub-structuring in other species. Therefore, until movement and 536 genetic studies including temporal samples can be integrated to define population 537 processes, a precautionary approach to management measures should address the 538 possibility of temporal stock variability and temporal differentiation should be 539 considered equally important as regional differentiation in management decisions. 540
One such measure could, theoretically, be, if commercial catch limits are reinstated, 541 the addition of a temporal element to the catch limit that spreads numbers taken over 542 a certain time to take individuals from several different genetic sub-units in an effort 543 maintain the high genetic diversity observed around the UK. This may, upon further 544 investigation, prove to be more beneficial to many other species of elasmobranch that 545 display similar genetic sub-grouping. There is also the suggestion that there may be 546 benefits from reassessment of historical tagging studies, with each spatial area looked 547 at on a temporal level. removed are also shown (italic). Sampling locations as seen in Figure. 6 0.62 0.64 0.65 4.2 4.3 0.017 0.206 0.06 0.047 0.029 0.025  Wales 16 10 0.69 0.64 0.62 0.66 3.8 4.1 0.000* 0.147 -0.11 0.024 0.030 
